A low alloy steel with the nominal chemical composition of C 0.3 %, Mn 1 %, Cr 4 %, Mo 1 %, V 0.4 % with lower amount of P and S is prepared by electroslag refining (ESR). The result of the mechanical properties of this steel after tempering confirms that this steel may be placed in the family of ultrahigh strength steel. The tensile, yield and impact strength of this steel are 1 650 MPa, 1 450 MPa and 300 kJ/m 2 respectively, coupled with good ductility and hardness. Three more steels are prepared by inoculation of titanium during the ESR process similar to above composition. The analysis values of titanium in these steels are 0.07 %, 0.20 % and 0.4 %. The addition of titanium resulted a sharp change in both microstructures and mechanical properties. It is noticed that 0.07 % titanium results a sharp increase of tensile properties compared to un-inoculated steel. The tensile and yield strength of the 0.07 % titanium steel are 1 730 MPa and 1 512 MPa, respectively. Further increase of titanium to 0.2 % and 0.4 % result a significant drop of mechanical properties compared to steel with no titanium. The optical, SEM, TEM and TEM-carbon replica studies confirms that at lower concentration of titanium (0.07 %), finer Ti(C, N) particles are precipitated which are able to restrict the austenite grain sizes. The refinement of austenite grains and consequent finer lath martensite may be the possible reason for strenghthening. Higher titanium (Ն0.2 %) led to larger carbonitride particles which has no role on grain refinement.
Introduction
Structural steel with minimum yield strength of 1 380 MPa and more is often referred as ultrahigh strength steels. 1) These steels are used to fabricate many critical parts such as rocket motors castings, aircraft under carriages, turbine rotors, pressure vessels, etc. In addition to the high strength to weight ratio, these steel possess good toughness, ductility, fatigue resistance and weldability. The search for new, better, and less expensive structural steels for the above applications is an unending process with ever advancing technology. The need for structural steel of high strength-to-weight ratio without a significant reduction in weldability or fabricability led to the present developmental study.
Remelting and refining process such as electroslag refining (ESR) and vacuum arc remelting (VAR) are known to give good control over the solidification structure and the cleanneness of steel.
2) By application of ESR, it is possible to improve the ductility and toughness of ultrahigh strength steel significantly compared to the one prepared by conventional casting methode.
3) The small quantity of liquid metal pool present in the ESR process solidifies in a short time which is expected to give finer dendrites and lower degree of segregation and better soundness than the conventional process. 4) Ultrahigh strength steels are prepared by alloying with suitable elements such as C, Mn, Cr, Mo, V and Ni. These are the class of steel where the carbon and other alloying elements are found higher than the HSLA steel. Along with the alloying elements some times Ti, Nb, Zr and N are added in steel, which can improve the mechanical properties substantially. These elements act as a grain refiner. 5, 6) Development of ultrahigh strength steel with low alloying elements is possible by detailed understanding of the transformation characteristics of steels. These steels are alloyed in order to get one or more of the following objectives: a) refining the grain size, 7) b) increasing hardenability, 8) c) exploiting the benefit of secondary hardening.
9) The mechanical properties of these steels depend on the control of microstructures, distribution of carbides and the morphology.
The aim of the present investigation is to develop ultrahigh strength steel with low carbon and low alloying elements with suitable inoculation of titanium during ESR process and study the effect of titanium on the microstructures and mechanical properties.
Experimental Details
Steels with the nominal chemical composition of C 0.3 %, Mn 1 %, Cr 4 %, Mo 1 %, V 0.4 %, S 0.2 % max. and P 0.2 % max. containing different percentage of titanium had been prepared by induction melting followed by electroslag refining. Electrodes for ESR processes were prepared in batches of 20 kg air induction melting by suitable addition of scrap of low alloy steel and ferroalloys. 0.2 % Al was added as deoxidizer. It was then cast into 40 mm diameter rod and used as the electrode for ESR processes.
The electrodes, which were prepared by induction melting, were remelted using the prefused slag (70 CaF 2 : 30 Al 2 O 3 ). About 800 g slag was used. It was preheated in muffle furnace at 800°C temperature for 5-6 h to eliminate free and combined moisture. 10) Electrodes were remelted in a water-cooled steel mould of 80 mm diameter connecting with DC positive (ϩve) power. The current and voltage during this process were 730 amps and 25Ϯ2 V, respectively with mould water flow rate of 30 L/min and base plate water flow rate of 20 L/min. ESR ingots were approximately 150 mm long, 75-80 mm diameter and 6 kg in weight. Inoculation of titanium was carried out by attaching a thin walled steel tube of 8 mm ODϫ6 mm ID filled with calculated amount of ferroalloys (ferrotitanium) during ESR. After the ESR process, cooled ingots were taken out from the mould. The ingots were annealed in a muffle furnace at 975°C for 8-9 h. After annealing, 20 mm and 10 mm lengths of the ingots were discarded from the bottom and top, respectively. The samples were taken for chemical analysis. The specimens for mechanical test were cut from this ingot. The specimens were undergone heat treatment. The specimens were austenitized at 975°C and were quenched in oil followed by tempered at 475°C. After the heat treatment, the samples were prepared for mechanical tests and metallographic examinations.
For tensile strength and impact strength test, the samples were prepared according to IS: 1608 , 1972 and IS: 1499 , 1977 respectively. Room temperature tensile tests were performed on these specimens. Hardness was measured with Rockwell C hardness tester. For metallograhic investigation, tempered specimens were mounted and polished in mechanical polishing machine in conventional methods. Austenite grain size was measured by Hyne's linear intercept method. SEM investigation was performed. The TEM-carbon replica samples were prepared in standard method and specimens were examined using a field emission electron microscope equipped with energy depressive X-ray spectrometer (EDS). The TEM-bright field studies were performed at 200 keV.
Result of the Experiments

ESR Ingots and Chemical Composition
Photograph of one of the ESR ingots is shown in Fig. 1 . Ingots generally had smooth and bright surface with few surface blemishes. At the bottom near the starting block, however, the surface was rough because of slag powder entrapment. This region is formed during the initial arcing process, and quick solidification before slag fully melts, results in poor surface. A small portion at the bottom therefore was discarded.
The chemistry of the four ESR ingots is given in Table 1 . It can be noticed that ESR1 steel is free of titanium and it is a base alloy to all. ESR2, ESR3 and ESR4 are titanium inoculated steel with the similar composition of ESR1 in which the titanium is found to be 0.07 %, 0.20 % and 0.44 % respectively. The sulphur content in all ESR ingots has been substantially reduced from its value in the electrode. ESR slags have large sulphide capacity, and the large liquid metal/slag interface area ensures high rates of sulphur transfer to slag. Sulphur is continuously removed from slag by oxidation at the slag/gas interface by atmospheric oxygen. 11, 12) Therefore, there is no accumulation of sulphur in the slag and desulphurisation during the process is generally large.
Chemical Homogeneity and Cleanliness
Chemical homogeneity of the ESR steel in the microscopic scale is confirmed from glow discharge optical emission spectroscopy (GDOES) analysis. The distribution of the alloying elements in the central zone (most segregated zone) of the ESR1 base alloy in the as-cast condition is shown in Fig. 2 . It can be seen from this figure, that micro-segregation of chromium, carbon, silicon, manganese, and vanadium are minimal. The GDOES analysis for other steels confirm the above findings. This may be happened due to the near axial solidification with no noticeable secondary dendrites largely prevents interdendritic segregation. During the ESR processes, solidification takes place from a small and shallow metal pool. In addition, the hot slag above the metal pool, ensures large temperature gradient at the solidifying surface. These contribute to directional solidification with near cellular appearance, with minimal interdendritic segregation.
Inclusions in the samples before (electrode) and after (ingot) ESR processing are shown in Fig. 3 . It is found that the inclusions in the electrodes are mainly of oxide and sulphide type, which are substantially removed after the ESR process. The measured dimension of the oxide type inclusions in the electrode is OG K5 (9.5) d(2.7-3.5 mm) and the sulphide is SS K2 (1.2) L(9-14 mm) of DIN 50602. The inclusions in the ingot are mainly very fine globular oxide type OG K1 (9.1) d(0.5-0.7 mm) of DIN 50602. The decrease of the size of oxide types and removal of sulphide type of inclusions after ESR process are noticeable. Sulphide inclusions are largely removed because of the extensive desulphurisation that takes place during ESR, as can be seen in Table 1 . Large oxide inclusions are effectively removed to the slag due to the large slag-metal interaction area during droplet formation.
Modeling of TTT Diagram
TTT diagrams have been predicted using a model based on the chemistry of the metal. 13) These diagrams provide information regarding the beginning and end of transformation into stable and metastable phases. The calculated diagram for ESR1 steel is shown in Fig. 4 . From this figure, it can be seen that AC 1b temperature is about 825°C and martensite start transformation (Ms) temperature is above 300°C. Fast cooling below Ms temperature should result in martensitic transformation. Relatively slower cooling may result in a mixture of bainite and martensite. The AC 3 temperature of this steel is expected to be about 975°C, similar to 15CDV6 steel. 14) 3.4. Austenite Grain Size of the As-cast Quenchedand-tempered Specimens The prior austenite grain sizes were measured in the quenched-and-tempered condition. The grain sizes of the specimens were estimated by both the comparator chart method and Heyn's linear intercept method and are presented in Table 2 . From the comparator method, the austenite grain size obtained was expressed as ASTM number. The size estimated by Heyn's intercept method is expressed in mm. The average error in the estimation is Ϯ5 %. It can be noticed from Table 2 that the austenite grain size of ESR1 steel is about 65 mm. When titanium is added in lower amount (0.07 %) in ESR2 steel, the austenite grain size is reduced to 37 mm. The addition of higher concentration (Ͼ0.20 %) results an increase of austenite grain size. This is happened in ESR3 and ESR4 steel. 
Mechanical Properties
Hardness
The hardness of these steel at as quenched-and-tempered condition are shown in Table 3 . It can be observed that the hardness of ESR1 steel, which is free of titanium, is 43 HRc. Hardness values are improved in ESR2 steel to 48 HRc on addition of 0.07 % titanium. Hardness decreased gradually in ESR3 (42 HRc) and ESR4 (40.1 HRc) steel.
Tensile Properties
The tensile properties of ESR steels are shown in Table  3 . It can be noticed that the tensile strength of ESR2 (1 730 MPa) is increased from ESR1 (1 650 MPa) steel and the values are further decreased in ESR3 (1 620 MPa) and ESR4 (1 420 MPa).
Similar observations were found in yield strength too. The yield strength of ESR1 steel is about 1 450 MPa, which is improved in ESR2 steel. ESR3 and ESR4 result even lower yield strength than ESR1 steel.
The observed values of ductility are also inline with the tensile and yield strength. The ductility is improved in ESR2 steel and it is decreased in ESR3 and ESR4.
Impact Strength
It can be noticed from the Table 3 that the impact strength of ESR1 steel is about 300 kJ/m 2 . The impact strength decreases gradually from ESR2 (285 kJ/m 2 ) to ESR3 and further in ESR4. It is well noticed that the inoculation of titanium results the decrease of impact strength.
The mechanical properties of these steels are compared in shown in Fig. 5 too. One can notice from these figures that addition of 0.07 % titanium (ESR2) results in reduction of austenite grain size and considerable improvement of tensile properties, hardness and impact strength. Further increase of titanium content to 0.2 % (ESR3) and 0.44 % (ESR4), however, results in substantial decrease of mechanical properties and increase of austenite grain size.
Microstructural Studies
Optical and SEM Studies
Optical microstructures of ESR1, ESR2, ESR3 and ESR4 alloys in as quenched-and-tempered condition are compared in Fig. 6 and the corresponding SEM microstructures in Fig. 7 . It can be noticed that the microstructures in all steel's samples seem to consist of tempered lath martensite. One can however see some changes in the microstructure as titanium is increased. The structure consisting entirely of small packets of fine martensite laths at low titanium content progressively changes to reveal more and more areas which are hazy. Higher titanium steels also contain greater proportions of inclusions some of which have characteristic angular shape.
TEM-Thin Foil Bright Field Micrograph
The features of the microstructures are understood better with TEM studies. Bright field TEM images for titanium free steel (ESR1) and steels containing titanium are compared in Fig. 8 . Some diffraction patterns for identification of phases are given in Fig. 9 (ESR3, 0.2 % Ti) and Table 2 . Austenite grain size of the as-cast, quenched-andtempered specimens. Table 3 . Effect of titanium on mechanical properties and grain size of as-cast, quenched-and-tempered specimens. 
TEM Carbon-Replica Micrographs and EDS Analysis of Precipitates
Further elucidation of the microstructure is obtained when one studies the carbon-replica TEM micrographs, given in Fig. 11 for ESR1 ((0 % Ti). These may be compared with the micrographs of ESR2 (0.07% Ti) alloy given in Fig. 12 , ESR3 (0.2 % Ti) and ESR4 (0.44 % Ti) in Figs. 13 and 14 respectively. As can be seen, the samples in ESR1 contained complex type of precipitates of (Cr, Mo, V)C. The steel with 0.07 % showed Ti(C, N) precipitates 35-65 nm in size (apart from (Cr, Mo, V)C precipitates). At higher titanium contents too, Ti(C, N) particles can be seen, though now they seem to take more angular shape, especially the larger ones, as compared to those at low titanium content. The average precipitate size is also larger: 60-130 nm for 0.20 % titanium and 90-250 nm for 0.44 % titanium. There are also complex (Ti, Mo, V)C precipitates. TiC/Ti(C, N) are clustered in many places in samples with higher titanium. The volume fraction of the precipitate of titanium carbides/carbonitrides could not be determined due to some technical problems. However, it can noticed that the size of titanium carbides or carbonitrides increases with increasing titanium content.
Fractrographs
The fractographs of the broken surface of the tensile test specimens of the ESR2 (0.07 % Ti) and the ESR4 (0.44 % Ti) are shown in Fig. 15 . It can be seen from the fractrograph of the 0.07 % titanium steel that the fracture surface has a cup and cone appearance. The central zone of the fractured surface has irregular fibrous appearance with numerous dimples. This structure is characteristics of fracture resulting from uniaxial tensile failure of a ductile material. In the higher titanium specimen (ESR4, 0.44 % Ti), the fracture surface has relatively less or no dimples. This suggests that the materials failed largely in cleavage mode, a characteristic of brittle materials. The change in mode of fracture is in consonance with the percentage elongations of ESR2 (11.5 %) and ESR4 (8 %).
Discussion of the Results
ESR1, Base Alloy
ESR1 is the base metal for comparison. This steel is the titanium uninoculated alloy having the similar chemistry with other alloys. The optical, SEM microstructures show packets of laths in as-cast as-quenched and tempered condition. The bright field TEM studies confirm that laths are either tempered martensite (or bainite). The interlath spacing is of the order of 550-700 nm. In tempered specimens, it is difficult to distinguish between lower bainite and tempered martensite. This differentiation would have been difficult even in oil-quenched specimens, since the Ms temperature is very high (above 300°C according to Fig. 4 , and autotempering takes place during quenching.
The carbon replica TEM micrographs of the steel and the associated EDS analysis (Fig. 11) show precipitation of complex carbides. One can see needle-like iron carbide precipitates, and much finer spherical or short rod like precipitates with rounded edges. The latter were of 25-70 nm size. The EDS analysis showed that these contain vanadium, molybdenum and chromium. (Diffraction on these precipitates, which could have established the nature of the precipitates, could not be accomplished).
Thermodynamic calculation (by CHEMSAGE package 15) ) was done to identify only the stability of various carbide, nitride and carbonitride precipitates as a function of temperature. The result of the calculation for the ESR1 composition is given in Fig. 16 . It can be seen that at the austenitising temperature of 975°C, the precipitates are expected to contain very little of chromium and molybdenum.
Only vanadium carbo-nitride formed during cooling after solidification remains partly undissolved. These precipitates may restrict the austenite grain size in the range of 65 mm.
The carbide forming elements which can be arranged in the following order of the increasing affinity of carbon and the stability of carbides phases 16, 17) :
Mn→Cr→Mo→W→Nb→V→Zr→Ti
In ESR1 alloy, vanadium due to its higher carbide forming tendency, first takes the carbon away from the matrix to form vanadium carbonitrides and then form molybdenum and other carbides. During austenitising at 975°C, most of the carbides except vanadium carbides/carbonitrides go into the solution (Fig. 16 indicates significant fraction of precipitates of undissolved vanadium carbonitrides). These undissolved carbonitrides may act as the nucleation sites for precipitation (in-situ) of other alloying elements during the latter stage of heat treatment, results several alloying elements (V, Cr, Mo) in the cataionic sublattice. 18) Chromium and molybdenum would have precipitated into these pre-existing vanadium carbo-nitride precipitates during cooling and subsequent tempering. TEM carbon replica confirms the presence of complex carbides and non-existence of any separate carbides in the matrix.
Effect of Titanium
Alloying elements like titanium, which form carbides and carbonitrides stable at austenitising temperature, can modify the microstructure and mechanical properties in various ways: a) Precipitates pre-existing at the austenitising temperatures can affect the grain growth rate and thus change the austenite grain size. Austenite grain size in turn can change the martensite morphology. b) Titanium carbide precipitation depletes the austenite matrix of dissolved carbon. The austenite that is quenched therefore has a lower carbon and the heat treatment response of the matrix is different. The martensite/bainite formed has lower strength. c) The precipitates themselves can bring about precipitation hardening.
As discussed earlier, at a lower titanium content of 0.07 %, the precipitates obtained in the quenched-and-tempered specimen were of size 35-65 nm. They must have been either finer or of the same size at the time of austenitising and seemed to have restricted the austenite grain size to 37 mm. The amount of carbon trapped in these precipitates is quite small (about 0.02 % even if all titanium is held up as carbide, Ti : C atomic weight ratio being 4 : 1). These changes have resulted in comparatively fine laths of martensite with sufficiently high carbon, which on tempering has given high strength. The refinement of lath might be resulted from the relatively smaller prior austenite grain size.
19) The precipitates being fine might have contributed to some strengthening too.
As the titanium content is increased, several things happen. The average grain size of Ti(C, N) particles become progressively larger. The number of fine particles in the range of 5-50 nm which are effective in Zener pinning [20] [21] [22] become smaller, with the result the austenite grain sizes are larger. The amount of titanium in these alloys is large enough to significantly change the carbon content in the austenite. In the case of ESR4 with 0.44 % titanium, carbon content could decrease by as much as 0.1 %. This probably led to decrease of hardenability. This would make the resulting tempered martensite considerably softer, even though the lath sizes are comparatively finer. The anomalous behaviour of further refinement of intra laths spacing of martensite in high titanium alloys compared to 0.07 % titanium alloy needs to be explored. However, the finer intra lath spacing of martensite in all titanium inoculated steel (ESR2-ESR4) compared to uninoculated steel (ESR1) is quite significant because of the smaller prior austenite grain size, resulted from Ti(C, N) particles.
Further, because of the depletion of carbon one may expect the gradual decrease of retained austenite after quenching, but it is the residual titanium in the austenite, has resulted significant amount of austenite to be retained without conversion. Titanium which forms undissolved titanium carbides/carbonitrides precipitates, may play dominant role for the retention of austenite in these alloy steel. 23) The precipitates not soluble at 975°C, makes the austenite more inhomogeneous which might result in incomplete conversion of austenite to martensite as the surface of the carbides or carbonitrides precipitates may provide sites for retention of austenite. The hardanability may be significantly affected by the increase of residual titanium content as both the titanium and carbon are out of solution and this results in decrease the hardenability of austenite. 24, 25) The TTT diagram (Fig. 4) of one of the experimental steel predicts the possible formation of martensite and retention of austenite phases after quenching. The decrease of hardanability (martensite formability) with increase in titanium content leads to the retention of more austenite as obtained in this present study. Although there are several parameters (including carbon content) alter the Ms temperature, however, the result indirectly suggests that the Ms temperature will decrease with increase in titanium content in the material. TEM studies also identified retained austenite in ESR3 and ESR4 in as-cast quenched-and-tempered specimens. These effects seem to have led to decrease in hardness and strength.
For high titanium alloy, the coarser precipitates do not seem to have contributed significantly to increase in strength to compensate for the loss due to carbon depletion. Chatterjee 2) observed a difference in yield strength of about 120 MPa between alloys containing 0.22 % C and 0.28 % C in an identical condition. Depletion of carbon due to titanium carbonitrides precipitation in the present case may be about 0.1 %, leading to drop in yield strength larger than 120 MPa. As per the Ashby-Orowan equation, 22) increase in strength that can be expected from 90-250 nm particles is only about 40 MPa, which is clearly much smaller than the drop in strength due to carbon depletion. Moreover, the thermodynamic calculation (by CHEMSAGE package) of one of the titanium inoculated steel (e.g. ESR2) is showed (Fig. 17) that titanium carbide or carbonitrides has no solubility in austenite at 975°C (experimental austenitising temperature) and can not be soluble even at higher temperature of more than 1 200°C. Hence there is insufficient carbon for other alloying elements to make their secondary carbides during tempering. This may be another reason for the drop of mechanical properties.
A large number of inclusions were present in high titanium steel specimens. Titanium has capability to form sulphide or carbo-sulphide type of inclusions provided its concentration is high. 26) It has ability to form inclusions with other sulphide forming elements like manganese. There is competition between manganese and titanium for sulphur and the minimum titanium level necessary to form predominantly titanium sulphide type inclusion is In the steels discussed in this section, manganese, nitrogen, and sulphur contents are approximately 1.0 %, 0.016 % and 0.01 % respectively. Using the above condition, the titanium level must be greater than 0.17 wt% to have titanium sulphide type inclusions. Therefore, only ESR3 (0.2 % Ti) and ESR4 (0.44 % Ti) specimen can have titanium sulphide type inclusions. This has indeed been the case. Though inclusions by and large have very little effect on yield strength, they can decrease ductility and toughness significantly. 28) Inclusions therefore might have also at least partly contributed to decrease in ductility of these alloys.
The use of titanium is useful only as an inoculant (in low percentages) in these steels. Whether the inoculation effect is still operative if the titanium addition is made in the ladle, and not in-situ during solidification as in the present work, needs to be explored. TiN can form in the liquid steel itself, and considerable coarsening of the particles can take place during holding of the liquid metal.
Therefore, it may be concluded that the increase of titanium to 0.07 % improves the tensile and yield strength in ESR2 steel compared to ESR1 alloy in as-cast quenchedand-tempered specimens. It is happened probably due to the finer titanium carbides which refine the austenite grain size quite significantly and consequently refine the martensite laths too. At higher titanium content, the size of the carbonitrides increased which lead to weak pinning effect, results a increase of austenite grain and also depletes the carbon, resulting a weak martensite matrix. Moreover, the increase of titanium results a formation of nonmetallic inclusions of titanium sulphide or carbosulphides and retention of more austenite during quenching too. These combined effect led to decrease of mechanical properties in these steels.
Conclusions
(1) ESR processing of the alloys has given sound ingots with low inclusion content and good microscopic homogeneity.
(2) The base alloy, ESR1, used for comparison with all the other alloys, shows predominantly lath martensite in the microstructure, with lath sizes in the range of 550-700 nm. It has large sized precipitates of iron carbides, and finer ones of mixed carbonitrides of vanadium, chromium and molybdenum, of 25-70 nm size. At the austenitising temperature of 975°C, only precipitates expected are the carbonitrides of vanadium, with a small amount of molybdenum. These seem to have been able to keep the austenite grain size at 65 mm. The alloy displays a yield strength of about 1 400 MPa, elongation of 11 % and impact strength of 300 kJ/m 2 . This is an ultra high strength steel (UHSS). (3) Inoculation of the above alloys results in increase of yield strength: by about 50 MPa in the case of inoculation with titanium. There is no serious loss of ductility or impact toughness. Titanium inoculation gave Ti(C, N) particles of about 35-65 nm size. These were able to restrict the austenite grain sizes to 37 mm. Refinement of grain size, and consequently the finer sizes of the martensite lath, seem to be the strengthening mechanism.
(4) Alloying with titanium, i.e., titanium contents larger than that needed for inoculation (Ͼ0.1 %), led to coarser carbonitride particles, no significant grain refinement, and very poor mechanical properties. Significant amount of carbon locked up in the titanium carbonitrides seem to have brought down the strength of martensite. Coarse particle might have led to lower ductility and brittle fracture.
